Vesicles were made from amphiphilic diblock copolymers and characterized by micromanipulation. The average molecular weight of the specific polymer studied, polyethyleneoxide-polyethylethylene (EO 40 -EE 37 ), is several times greater than that of typical phospholipids in natural membranes. Both the membrane bending and area expansion moduli of electroformed polymersomes (polymer-based liposomes) fell within the range of lipid membrane measurements, but the giant polymersomes proved to be almost an order of magnitude tougher and sustained far greater areal strain before rupture. The polymersome membrane was also at least 10 times less permeable to water than common phospholipid bilayers. The results suggest a new class of synthetic thin-shelled capsules based on block copolymer chemistry.
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Amphiphilic block copolymers in water, like natural phospholipids, can self-assemble into various ordered mesophases (1) (2) (3) , notably lamellar structures. The symmetry and stability of the microstructure depend intimately on chain size and chemistry as well as on physical variables such as temperature T. At dilute concentrations of natural amphiphiles in water, bilayer structures with a thickness of only a few nanometers can form; for cells, such membranes have permeability, stability, and mechanical characteristics that are central to function (3, 4) . These characteristics also affect how liposomes and their complexes encapsulate and deliver active agents (5) . Small amphiphiles of natural origin have inspired the engineering of higher molecular weight, synthetic analogs defined as superamphiphiles (6) , which include linear diblock copolymers composed of a serial tandem of hydrophilic and hydrophobic chains. We report here some of the properties of membranes assembled from one such superamphiphile, polyethyleneoxide-polyethylethylene [EO 40 -EE 37 ; number-average molecular weight M n Ϸ 3900 g/mol (1, 7) ]. This neutral, synthetic polymer has a mean contour length (ϳ23 nm) about 10 times that of a typical phospholipid acyl chain (Fig. 1A) . Chains of polyethyleneoxide (PEO), also referred to as polyethylene glycol (PEG), are also notable for imparting biocompatability to membranes (8) . The specific diblock copolymer studied here had previously been synthesized as one chain, designated OE-7, among a low polydispersity series with varied molecular weights and block size distributions (7); OE-7 was shown to have a robust propensity to form a lamellar phase in water over a broad range of concentrations and temperatures (25°C included) (1) .
Small, nonaggregating vesicles (Յ200 nm) assembled from OE-7 were first observed by cryogenic transmission electron microscopy (cryo-TEM) after hydration and preparative vitrification (Fig. 1B) (9) . Wormlike micelles (2) as well as spherical micelles coexist with the vesicles. Imaging of the hydrophobic cores of these structures revealed a core thickness d Ϸ 8 nm, significantly greater than d Ϸ 3 nm for phospholipid bilayers (3). To facilitate detailed characterization of the material properties of block copolymer lamellae, we made giant vesicles (from 20 to 50 m) of OE-7 by electroformation (10), a process in which a thin film of polymer on adjacent electrodes was phoresed by alternating current into aqueous solution. Thermal undulations of the quasi-spherical polymersome membranes provided an immediate indication of membrane softness ( Fig. 2A) . Furthermore, if the vesicles were made in the presence of either a 10-kD fluorescent dextran (Fig. 2B) or a protein such as globin, the probe was found to be readily encapsulated and retained by the vesicle for at least several days. The polymersomes further proved highly deformable and could be aspirated into micrometer-diameter pipettes (Fig. 2 , C and D) (10).
The elastic behavior of a polymersome membrane in micropipette aspiration (at ϳ23°C) appeared comparable in quality to a fluid-phase lipid membrane. Analogous to a lipid bilayer, at low but increasing aspiration pressures, the thermally undulating polymersome membrane was progressively smoothed, increasing the projected area logarithmically with tension, , (Fig. 3A) . From the slope of this increase versus the fractional change, ␣, in vesicle area the bending modulus, K b , was calculated (11) K b Ϸ k B T ln()/(8␣) ϩ constant (1) and found to be 1.4 Ϯ 0.3 ϫ 10 Ϫ19 J (six vesicles) (k B is Boltzmann's constant). Above a crossover tension, x , a renormalized area expansion modulus (11), K a , was obtained from the relation K a ϭ /␣ (2) Aspiration in this regime primarily corresponds to a true-rather than a projectedreduction in molecular surface density, and for the polymersome membranes, K a ϭ 120 Ϯ 20 mN/m (21 vesicles). Fitted moduli were checked for each vesicle by verifying that the crossover tension, x ϭ (K a /K b )(k B T/ 8), suitably fell between appropriate hightension (membrane stretching) and low-ten- sion (membrane smoothing) regimes. Measurements of both moduli, K a and K b , were further found to yield essentially unimodal distributions with small enough standard deviations (Շ 20% of mean) to be considered characteristic of unilamellar PEO-PEE vesicles. Interestingly, the moduli are also well within the range reported for various pure and mixed lipid membranes. SOPC (1-stearoyl-2-oleoyl phosphatidylcholine) in parallel manipulations was found, for example, to have K a Ϸ 180 mN/m ( Fig. 3B ) and K b Ϸ 0.8 ϫ 10 Ϫ19 J, which are largely identical to prior measures (4, 11) . Lastly, at aspiration rates where projection lengthening was limited to Ͻ1 m/s, the microdeformation proved largely reversible, consistent again with an elastic response.
The measured K a is most simply approximated by four times the surface tension, ␥, of a pure hydrocarbon-water interface (␥ ϭ 20 to 50 mJ/m 2 ) and thus reflects the summed cost of two monolayers in a bilayer (12) . The softness of K a compared with gel or crystalline states of lipid systems is further consistent with liquidlike chain disorder (13); indeed, because the average interfacial area per chain, ϽA c Ͼ, in the lamellar state has been estimated to be ϽA c Ͼ տ 2.5 nm 2 per molecule (1), the root-mean-squared area fluctuations at any particular height within the bilayer can also be estimated to be, on average,
տ 0.3 nm 2 per molecule, which is a significant fraction of ϽA c Ͼ and certainly not small on a monomer scale. Moreover, presuming in the extreme, a bilayer of unconnected monolayers d/2 thick, with d estimated from cryo-TEM ( Fig. 1) , the PEE contour length is more than twice the monolayer core thickness and therefore configurationally mobile along its length. In addition, molecular theories (14 ) of chain packing in bilayers have suggested that, although at a fixed area per molecule there is a tendency for K b to increase with chain length (that is, membrane thickness), other factors such as large ϽA c Ͼ can act to reduce K b . Thus, despite the large chain size of OE-7, a value of K b similar to that of lipid bilayers is not unduly surprising. Related to the length scales above, the root ratio of moduli, (K b /K a ) 1/2 , is generally recognized (3, 4, 14, 15) as providing a proportionate measure of membrane thickness. For the OE-7 membranes studied here, (K b / K a ) 1/2 ϭ 1.1 nm on average. In comparison to fluid bilayer vesicles of phospholipids or phospholipids plus cholesterol, where the latter often have the highest K a , it has been reported that (K b /K a ) 1/2 Ϸ 0.53 to 0.69 nm (11) . A parsimonious continuum model for relating such a length scale to structure is based on the idea that the unconnected monolayers of the bilayer have, effectively, two stress-neutral surfaces located near each hydrophilic-hydrophobic core interface (15) . If we assume that a membrane tension resultant may be located both above and below each interface, then
where ␦ H and ␦ C are, respectively, distances from the neutral surfaces into the hydrophilic and hydrophobic cores. For lipid bilayers with d/2 Ϸ 1.5 nm and hydrophilic head groups 1 nm thick, estimates of ␦ C Ϸ 0.75 nm and ␦ H Ϸ 0.5 nm yield a root-product
, consistent with experimental results. The numerical result for PEO-PEE membranes (1.1 nm) suggests that the stress resultants are centered further from the interface, but not, perhaps surprisingly, in strict proportion to the increased thickness nor the polymer length.
Elastic behavior terminates in membrane rupture at a critical tension, c , and areal strain, ␣ c . With lipids, invariably ␣ c Շ 0.05, consistent, it appears, with a molecular theory of membranes under stress (16) . For the polymersomes, cohesive failure occurred at ␣ c ϭ 0.19 Ϯ 0.02 (Fig. 3B) . Another metric is the toughness or cohesive energy density that, for such a fluid membrane, is taken as the integral of the tension with respect to areal strain, up to the point of failure:
For a range of natural phospholipids mixed with cholesterol, the toughness has been systematically measured, with E c ranging from 0.05 to 0.5 mJ/m 2 (17) . yielding a value of p c Ϸ Ϫ25 atm, which falls in the middle of the range noted for lipid bilayers, p c Ϸ Ϫ10 to Ϫ50 atm (4). Bulk liquids such as water and light organics are commonly reported to have measured tensile strengths of such a magnitude, as may be generically estimated from a ratio of nominal interfacial tensions to molecular dimensions (that is, ϳ␥/d ). In membrane systems, this analogy again suggests an important role for density fluctuations, which are manifested in a small K a and which must become transversely correlated upon coalescing into a lytic defect.
Because the previous estimate for Ͻ␦A c 2 Ͼ 1/2 is clearly not small compared with the cross section of H 2 O, a finite permeability of OE-7 membranes to water is to be expected. Polymersome permeability was obtained by monitoring the exponential decay in vesicle swelling as a response to a step change in external medium osmolarity (19) . The permeability coefficient, P f , was 2.5 Ϯ 1.2 m/s. In contrast, membranes composed purely of phospholipids with acyl chains Յ18 carbon atoms typically have permeabilities in the fluid state at least an order of magnitude greater (25 to 150 m/s) (4 ). The OE-7 polymersomes are thus significantly less permeable to water-a distinction that may prove useful in application. However, on a per area basis, polymersome membranes and phospholipid membranes (with comparable K a ) exhibit similar fluctuations in area. This leads us to postulate that the ratio of permeabilities largely reflects the relative probability for water diffusion across the membrane and decreases with relative core thickness as exp(-d OE7 / d lipid ) Ϸ e Ϫ8/3 ϭ 0.07, which is a value close to the measured ratio of permeabilities for polymersomes versus lipid vesicles.
Vesicle morphology could be tuned by adjusting the osmotic pressure external to freely suspended polymersomes. Starting with an osmotically deflated tubular vesicle (Fig. 4) , stepwise dilution of the external osmolarity leads to water permeation and swelling through a quasi-equilibrated sequence of pearled spheres, pears, and buds, to a final tensed state. After the initial pearling of the tubule, the growth of large spheres at the expense of small spheres-a form of Ostwald ripening-is evident. Such shape transformations of vesicle capsules, the simple red cell included, have generally been correlated with energetic costs or constraints imposed by vesicle area, the number of membrane molecules making up vesicle area, the volume enclosed by the vesicle, and the curvature elasticity of the membrane (20) . More recent theoretical and experimental efforts on fluid lipid bilayers (21) have separated the curvature elasticity between a local, K bscaled Helfrich term that includes a spontaneous curvature c o and a more nonlocal, areadifference-elasticity term predicated on monolayer unconnectedness in spherical-topology vesicles. To oppose any relaxation of leaflet area difference, a lack of lipid transfer or "flip-flop" between layers must be postulated. Only with such a nonlocal term or c o 0, it seems, can a vesicle maintain in apparent equilibrium the sorts of multisphere (21, 22) and budded morphologies observable in both lipid systems and in the osmotically deflated polymersomes. Because wormlike and spherical micelles are in evidence (Fig. 1B) , c o 0 appears likely. However, heterogeneity in the morphology of polymersomes, both small (Fig. 1B) and large (Fig. 4) vesicles, also suggests an important contribution from monolayer area difference, a process-dependent feature that arises upon vesicle closure (21) .
Polymersomes, of the general type examined here, enable direct measurements of the material properties of lamellae and put to the test some basic ideas of membrane assembly. Compared with lipids, the increased length and conformational freedom of polymer chains not only provide a basis for enhanced toughness and reduced permeability of membranes but also suggest that the rich diversity of block copolymer chemistries (molecular weights, block fraction, block architecture) portends a plethora of novel, artificial membranes. Additional control over membrane properties may be afforded, for example, through selective cross-linking of block copolymer hydrocarbon chains as demonstrated with wormlike micelles (2). As with the rich variety of phospholipids and membrane modifiers, each synthetic membrane might find its own application in transport, rheology, or encapsulation, rationally based on a suitable selection of material properties, thermal behaviors, and permeabilities. lengths that optimize the stealth of liposomes, that is, lipid-conjugated PEG leading to the longest blood circulation time of liposomes, are in the approximate range of EO 34 to EO 114 . 9. Thin (about 10-to 300-nm) films of aqueous solution suspended in a microperforated grid were prepared in an isolated chamber with temperature and humidity control. The sample assembly was rapidly vitrified with liquid ethane at its melting temperature (ϳ90 K), and this was kept under liquid nitrogen until it was loaded onto a cryogenic sample holder (Gatan 626 37 , synthesized by a combination of anionic polymerization and catalytic hydrogenation, was subsequently lyophilized into a solid and solubilized, when needed, in chloroform at 4 mg/ml. Evaporation of the solvent under nitrogen followed by vacuum drying for 3 to 48 hours was used to deposit a film on 1-mm-diameter platinum wire electrodes held in a Teflon frame (5 mm separation). The Teflon frame and electrodes were assembled into a chamber by Fig. 4 . Shape transformations driven by osmotic swelling of a single polymersome and imaged in phase contrast video microscopy. The vesicle was formed in 100 mOsm sucrose, and the external sucrose solution was progressively diluted with distilled water from ϳ150 mOsm glucose over a period of 90 min. The state in (A) is a giant tubular state that swells with the initial appearance (B) of interconnected spheres (inset) that conserve vesicle topology. This is followed by coalescence and disappearance (C to E) of the spheres before final transformation to a single, tensed sphere (F).
1
Observations by the Galileo spacecraft and the Keck telescope showed that Jupiter's outermost (gossamer) ring is actually two rings circumscribed by the orbits of the small satellites Amalthea and Thebe. The gossamer rings' unique morphology-especially the rectangular end profiles at the satellite's orbit and the enhanced intensities along the top and bottom edges of the rings-can be explained by collisional ejecta lost from the inclined satellites. The ejecta evolves inward under Poynting-Robertson drag. This mechanism may also explain the origin of Jupiter's main ring and suggests that faint rings may accompany all small inner satellites of the other jovian planets.
The well-known, opaque rings of Saturn and Uranus are populated primarily by centimeter-to meter-sized particles. In addition, all four giant planets have extensive but much more tenuous rings (1, 2) containing mainly micrometer-sized particles. Because particle collisions are unimportant in such rarified systems and because small grains are substantially perturbed by nongravitational forces, these ethereal rings provide valuable dynamical counterpoints to the dense, collisionally dominated systems. Jupiter's rings-the archetype of ethereal ring systems-have three components (3): a main ring, an inner halo, and an outer gossamer ring. The main ring of normal optical depth ϳ 10 Ϫ6 and thickness Ͻ30 km extends radially inward about 6000 km ( jovian radius ϭ 71,398 km) from the orbit of the tiny moon Adrastea, with a dip in brightness of 20 to 30% around Metis's orbit (Table 1) . Immediately interior to the main ring is the halo, a ϳ10 4 -km-thick and ϳ2 ϫ 10 4 -kmwide torus of dust, with comparable to the main ring. Exterior to the main ring lies the broad, fainter gossamer ring, with ϳ 10 Ϫ7 , whose inner portion was observed in one Voyager image (4) .
The ring system's structure was confirmed and refined through images obtained by the Galileo spacecraft (5) and the Keck 10-m telescope (6) . The gossamer ring is actually two distinct, fairly uniform rings (Fig. 1, A and B) . The brighter and narrower (Amalthea) ring is visible stretching radially outward from the main ring to the satellite Amalthea's orbit at 181,350 km. The fainter and wider (Thebe) ring is terminated at the satellite Thebe's orbit (221,900 km). Some very diffuse material, which we refer to as the exterior gossamer material, seems to reach past Thebe, to perhaps 265,000 km.
As seen in these almost edge-on images, Jupiter's gossamer rings have a unique form. At their ansae, both rings have cross sections that are approximately rectangular, unlike the elliptical ends typically noted in images of thin, flat equatorial rings. As measured near the ansae, the half-thicknesses T of the gossamer rings are ϳ1300 km [inclination (i) ϭ 0.41°] for the Amalthea ring and ϳ4400 km (i ϭ 1.14°) for the Thebe ring, with uncertainties of Ϯ100 km (Ϯ0.03°). These values are similar to the maximum excursions of the satellites associated with these rings from Jupiter's equatorial plane [1160 and 4310 km, respectively, with errors of Ϯ150 km (7)]. In addition, the radial excursions of the source satellites, as defined by their orbital eccentricities, seem to determine the radial decrease in brightness at the ansae of both rings (see crosses in Fig. 1A) .
The ring's upper and lower edges are much brighter than their central cores (Fig.  1A) , suggesting that the ring material is concentrated near the edges. Furthermore, the height (off the equatorial plane) of the peak brightness in each gossamer ring decreases linearly with projected radius as does the ring's total vertical extent in backscattered light (6) . A similar banded appearance was inferred for the distribution of interplanetary dust particles (IDPs) from Infrared Astronomical Satellite scans of the zodiacal light (8) . The cause is likely the same: a swarm of orbiting particles, with similar inclinations but random node orientations, that spend more time at their vertical turning points above and below the ecliptic (interplanetary case) or equatorial ( jovian case) plane.
In the Voyager discovery image (4) and in two early Galileo frames (5), the Amalthea ring brightens by tens of percent with smaller scat-
